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Executive Summary 

Pacific Northwest Laboratory (PNL)(a) scientists are studying the physical mechanisms and waste 
properties that contribute to the periodic release of gases from the double-shell waste storage tanks at 
Hanford. This study is being conducted for Westinghouse Hanford Company as part of the PNL 
Flammable Gas project. 

Retention and episodic release of flammable gases are critical safety concerns regarding double-
shell tanks (DSTs) containing waste slurries. Previous investigations have concluded that gas bubbles are 
retained by the slurry that has settled at the bottom of the DST. However, the mechanisms responsible 
for the retention of these bubbles are not well understood. In addition, the presence of retained gas 
bubbles is expected to affect the physical properties of the sludge, but essentially no literature data are 
available to assess the effect of these bubbles. The rheological behavior of the waste, particularly of the 
settled sludge, is critical to characterizing the tendency of the waste to retain gas bubbles. The objectives 
of this study are to elucidate the mechanisms contributing to gas bubble retention and release from sludge 
such as is in Tank 241-SY-101, understand how the bubbles affect the physical properties of the sludge, 
develop correlations of these physical properties to include in computer models, and collect experimental 
data on the physical properties of simulated sludges with bubbles. This report presents a theory and 
experimental observations of bubble retention in simulated sludge and gives correlations and new data 
on the effect of gas bubbles on sludge yield strength. 

Visual observation of bubble growth in cylinders of simulated sludge indicated three regions of 
bubble morphology. In the upper region, essentially spherical bubbles were observed. In the middle 
region, the sludge "fractured" and gas collected in very large bubbles. In the bottom region, dendritic 
bubbles occupied the space between the individual particles. These experiments were conducted in 
containers ranging from 2.5 to 16 cm in diameter. In all cases, a single gas bubble spanned the middle 
region of the entire vessel. This was the most surprising result of the experiments. A dimensionless ratio 
of gravitational to surface tension forces, which is a Bond number, is presented to help quantify these 
observations. 

Empirical expressions for the effect of gas bubbles on sludge strength show that dendritic bubbles 
increase sludge strength in (shear or tensile) particulate sludge. In contrast, round bubbles decrease the 
sludge strength in a homogeneous sludge when the contribution of bubble deformation is small. When 
bubble deformation and surface tension are large, round bubbles increase the strength of the sludge. 
These expressions can be used in TEMPEST for representing the effect of gas bubbles on sludge strength. 

Experimental measurements of glass beadpacks containing essentially dendritic bubbles showed 
that the bubbles increase the shear strength of simulated sludge. Results also show that decreasing the 
particle size of the beads increases the shear strength in the presence of dendritic bubbles, although the 
magnitude of the particle size effect is less than predicted by the correlations. 

(a) Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle 
Memorial Institute under Contract DE-AC06-76RLO 1830. 
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1.0 Introduction 

Periodic release of flammable gases from double-shell waste tanks is an important safety concern. 
While each of these episodic releases has a unique volume and timing of gas release, the underlying 
physical mechanisms governing retention of gas within the waste and the sudden release of this gas 
interrelate the separate events. Evidence suggests that die waste in Tank 241-SY-lOl separates into an 
upper convective layer and a lower nonconvective layer of sludge, with part of the generated gas 
collecting as bubbles in the lower nonconvective sludge, as depicted in Figure 1.1 (Allemann et al. 1990a, 
1990b, 1991, 1993). The formation of bubbles, their retention, and their release are central to 
understanding and predicting the volume and rate of gas released during a gas release event (Trent and 
Michener 1993). While previous studies have emphasized the importance of bubble retention and release 
and have evaluated many proposed gas release mechanisms (Allemann et al. 1990a), a more quantitative 
understanding of the gas release event requires a more detailed description of bubbles within sludge. 

For bubbles retained in the stagnant sludge, the mechanical properties of the sludge, such as the 
shear strength, are most important. The release of gas bubbles from sludge occurs when the sludge fails 
mechanically. When the sludge becomes a fluid, the bubbles may rise through the sludge or may cause 
the sludge to rise in large or small gobs. Bubble morphology and the effect of bubbles on the mechanical 
properties of the sludge form the basis for understanding how the sludge will behave. 

The first objective of this study was to develop a better understanding of the mechanisms 
contributing to gas-bubble retention and release from sludge such as the waste in Tank 241-SY-lOl. 
Visual observation of bubbles was used to elucidate the behavior of bubbles within sludges and to 
understand the physical mechanisms causing bubble retention. A variety of simulated sludges were 
employed to understand the range of possible phenomena. A dimensionless ratio of gravitational to 
surface tension forces, which is a Bond number, was also developed to help quantify these observations. 

The second objective of this study was to provide models for the shear and tensile strengths of 
moist (incompletely saturated), porous agglomerates to improve the ability of the TEMPEST code to 
simulate the sludge in the regime in which it behaves like a solid. These models relate the sludge 
strength to gas bubble content for the important regimes of bubble retention. When the sludge behaves 
like a fluid and begins to flow, its rheological properties become important. By improving the 
understanding of bubble retention and the effect of bubbles on the shear (and tensile) strength of the 
sludge, this work contributes to improved models for the release of bubbles from tank waste. 
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Figure 1.1. Schematic of a Double-Shell Tank with a Nonconvective Layer of Sludge 
Composed of Particles, Bubbles, and Supernatant Liquid 
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2.0 Bubble Retention 

When a gas bubble is placed within a fluid, it tends to rise due to buoyancy. Accordingly, for 
a sludge to retain bubbles, the sludge must contribute other forces sufficiently strong to resist this buoyant 
force. The mechanisms causing bubble retention depend on the types of force(s) acting on bubbles, 
including capillary forces (surface tension), forces arising from the inherent yield stress of the sludge 
(sometimes called viscous forces), and the gravitational forces acting on particles attached to bubbles. 

2.1 Bubble Retention Mechanisms 

Figure 2.1 shows the five mechanisms that have been generally discussed for bubble retention.00 

Viscous retention occurs when the fluid's yield strength, which is the stress when plastic deformation 
occurs, is sufficient to hold the bubbles. Bubbles larger than a critical value will overcome the yield 
strength of the fluid and rise. In the second mechanism, agglomerates of bubbles and particles are held 
together in a clump. Armored bubbles occur when particles accumulate, at the bubble interface and 
protectthe bubble from coalescing with other bubbles. Capillary forces retain bubbles when the bubbles 
cannot neck through the narrow openings between the particles. Bubble attachment refers to a bubble 
attached to a particle. 

While capillary forces are directly responsible for bubble retention in one mechanism, they can 
have an indirect effect on viscous (yield stress) retention as well, because capillary forces in a particulate 
sludge affect the yield strength of the sludge. 

2.2 Bubble Morphology in Sludge 

To understand bubble morphology in sludge, we begin with the simple situation of the supernatant 
liquid and a gas bubble. The traditional Bond number evaluates the ability of gravity to distort the bubble 
from the spherical shape that surface tension forces try to maintain (Adamson 1976; Perry and Chilton 
1973): 

B o = ^liquid ~ Pg<JD 8 (1) 
1 Y 

where pUquU and pgasaxe the liquid and gas densities, D is the bubble diameter, a is the gas-liquid surface 
tension, and g is the gravitational acceleration. Equation (1) also applies if the particles are so small 

(a) N. G. McDuffie (WHC) summarized these mechanisms in a 1994 presentation to the Hanford 
Technical Exchange Program: Flammable Gas Generation, Retention, and Release in High-Level 
Waste Tanks: Physical and Chemical Models. 

2.1 



Viscous Retention 
(Yield Stress) WBBSl Aggregates 

Armored Bubbles C J Forces' 7 

Bubble Attachment 

Figure 2.1. Bubble Retention Mechanisms 

compared to the bubble that the slurry is effectively a continuum. Gravity will distort the bubbles when 
Bo, is greater than order one, which occurs for bubbles with diameters larger than about 2 mm for typical 
sludge parameters. 

Bubbles may also squeeze between the particles composing the nonconvective layer sludge; here, 
it is important to calculate whether the bubbles displace the solid particles. When solid particles settle 
to form sludge, each particle supports the weight of the particles above it, with the weight depending on 
the buoyant force of the surrounding liquid. Figure 2.2 depicts the case in which surface tension forces 
dominate, such as for small bubbles, allowing a bubble to displace particles and remain essentially 
spherical, distorting the surrounding sludge. For contrast, Figure 2.2 also shows a dendritic-shaped 
bubble that has squeezed between particles, displacing primarily liquid. In these schematics and in the 
discussion that follows, the supernatant liquid is assumed to completely wet the solid particles. Dendritic 
bubbles, such as those depicted in Figure 2.1, are retained by capillary forces. When bubbles distort the 
sludge, the yield stress of the sludge is responsible for bubble retention. 

Figure 2.3 depicts a model that can quantify the ability of a bubble located a depth h below the 
top of the nonconvective layer to displace particles. With the bubble shown in Figure 2.3, the force this 
bubble applies to lift the upper particle is the pressure within the bubble acting over the contact area A: 

Puguidsh+^y Flifi = \PL + P » - « * h + — & ( 2 ) 
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Figure 2.2. Schematic of Bubble Displacing the Sludge and a Dendritic Bubble 
Fingering Between Sludge Particles 

where D is the diameter of bubble as it necks between particles. Generally, D is approximately the 
particle diameter of the sludge. The liquid is assumed continuous throughout the sludge, and PL is a 
reference pressure taken at the top of the nonconvective layer. The force that the sludge particle applies 
to the bubble, neglecting cohesive forces between particles, depends on the density of the sludge psbldge 

as given below: 

F = (PL

 + p w?¥ ( 3 ) 

Equating (2) and (3) and assuming the contact areas are equal gives a criterion for the point at which a 
bubble is just able to displace the particles. This criterion can be'written equivalently as a modified Bond 
number with the Bond number equal to unity: 

Bn = 1 ^sludge ~ Pliquid)D"8 (4) 
2 4 y 
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Figure 2.3. Schematic of a Bubble Attempting to Displace Particles 

The Bond number criterion given by Equation 5 shows the critical role of the density difference 
between the sludge and supernatant liquid, where the sludge density includes the contribution from the 
bubbles, particles, and supernatant liquid. For Bond numbers greater than one, gravitational forces 
dominate, and bubbles deform and neck between particles as they grow (dendritic bubbles). For Bond 
numbers less than one, surface tension dominates, and bubbles can displace the sludge particles (round 
bubbles). Equation (1) shows that deeper into the sludge, gas will collect in dendritic bubbles, while 
closer to the surface of the sludge, bubbles will distort the sludge. Equation (1) also shows how to scale 
laboratory studies with simulated sludge to reflect actual tank conditions. 

Figure 2.4 shows the Bond number criterion relating the diameter of a bubble as it necks between 
particles, D, and the depth into the sludge h. The curve signifies the transition between dendritic bubble 
growth and bubbles that grow by displacing the sludge. The results in Figure 2.4 used the following 
typical sludge physical properties: pshlige = 1.69 g/cc, Pliquid = 1.33 g/cc (Allemann 1990a), and y = 
70 dynes/cm. If a bubble can neck between the sludge particles where the diameter of the advancing 
bubble front is greater than the curve in Figure 2.4, surface tension is insufficient to keep the bubble 
spherical. In this case, a dendritic-shaped bubble fingers between particles. Closer to the top of the 
nonconvective layer, larger bubbles can support the weight of the particles and remain more spherical. 
Equation 4 shows that, as the sludge collects gas and becomes less dense, bubbles that initially grew as 
dendritic bubbles may shift and continue growing by displacing bubbles. 
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Figure 2.4. Transition Between Dendritic and Spherical Bubbles as a Function of Depth 
into the Nonconvective Layer 

Figure 2.5 shows the effect of a reduction in sludge density because of bubble retention. For the 
calculations given here, the depth is given in terms of the height above the bottom of the tank, and the 
density of the sludge was calculated from the densities and volume fractions of the three components: 
particles 2.03 g/cc, pBtpM = 1.44 g/cc, and y = 79 dynes/cm. As the gas volume fraction increases, the 
sludge density decreases, and at a given depth it becomes easier for bubbles to displace sludge particles. 
The curves show the transition between bubbles that finger between the particles and bubbles that displace 
particles. Figure 2.5 highlights an example of a bubble growing where the bubble front can advance by 
necking though pores with a diameter of 50 microns. If this bubble is at a dimensionless height of 0.5, 
for gas fractions below about 0.08 a dendritic bubble fingers between the particles. For gas fractions 
above 0.08, the density of the sludge is reduced sufficiently that the bubble will continue its growth by 
displacing particles. In Figure 2.5, the dimensionless height is normalized by the original gas-free sludge 
height. 

Campbell(a) reported observations of bubble retention in both clay sludges and "beach" sand. 
For the studies with beach sand, the only bubbles that were observed were those that were moving within 

(a) Campbell, D. O. 1993. A Theoretical and Experimental Study of Waste Tank Sludge Rheology 
Within a Hot Spot or During Draining. FAI/93-83, submitted to Westinghouse Hanford Company, 
Richland, Washington. 
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Figure 2.5. Transition Between Bubbles that Finger Between Particles 

the interstices of the sand were observed. This corresponds to the dendritic bubbles. For the sand 
experiments, a grain diameter of 180 fim was estimated from permeability measurements. For 
experiments with clay simulants, the majority of the gas collected in a single large bubble that spanned 
the cross section of the apparatus (4.45 and 12.7 cm diameter). 

2.3 Sludge Shear and Tensile Strength 

The strength of wet agglomerates of solid particles appears pertinent to the dendritic bubble 
regime and has been shown to depend on the fraction of gas within the network of particles 
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(Pietsch et al. 1969; Schubert 1975; Schubert et al. 1975; Schubert 1977). In these studies, the capillary 
pressure of the porous solid comprising the agglomerates was used to relate the moisture content to the 
tensile strength of the partially wet porous solid. 

2.3.1 Background 

Figures 2.6 and 2.7 are examples of the way in which the tensile strength a, of a moist non-
cohesive agglomerate (limestone) varies with, the liquid saturation S. (The "saturation" is defined as the 
fraction of pore space taken up by liquid.) The data measurements in Figures 2.6 and 2.7 were taken 
from Pietsch (1969, Figures 6 and 7). Between a saturation of zero and the peak pendular strength 
contribution (Sb), the tensile strength depends on the forces exerted by the liquid bridges between the 
particles. In this regime, the strength of the bridges results from a decreased (capillary) pressure within 
the liquid and from surface tension where the bridges meet the particles. At S = Sb, the bridges begin 
to contact each other, and some pores begin to fill with liquid. As saturation increases, more pores fill 
until finally, at S = Sc, all the pores are entirely filled; thus the agglomerate strength depends on the 
capillary pressure. The tensile strength can be taken as going to zero at S = 1, where the agglomerate 
is reduced to particles in liquid. It also effectively goes to zero at S = 0, because salt bridging and other 
solid-solid connections in noncohesive solids are typically much weaker than the liquid bridges. 
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Figure 2.6. Strength Variation for 71 Micron Limestone (Pietsch 1969) 
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Figure 2.7. Strength Variation for 185-Micron Limestone (Pietsch 1969) 

During drainage, when liquid is displaced by gas, the effect of capillary pressure is different than 
during imbibition, when gas is displaced by liquid. In the absence of simultaneous mechanical 
deformation, imbibition cannot proceed to complete saturation; some pores are typically blocked to liquid 
flow. The result is that the capillary pressure and tensile strength are lower during imbibition than during 
drainage and drop to zero at a value Sa < 1. For drainage, the zero point is at Sa = 1. 

For cohesive agglomerates such as clays the behavior may be somewhat different, because solid-
solid forces are added to those contributed by the presence of liquid. However, data for high-saturation 
compressed clay (Leavell and Peters 1987, Fig. 9) suggest that the overall behavior is similar. For these 
samples, the peak tensile strength at Sc = 0.84 drops by a factor of 4 or more as the saturation decreases 
to S = 0.5, and Sa is about 0.90. The peak tensile strength varies with the pressure applied during clay 
sample compression, but Sc does not so vary. No information about.Sb can be deduced from this data. 

A full description of the stress-strain behavior of an agglomerate requires not only the peak stress 
required to cause failure (the strength), but also the strain at which failure occurs (that is, the ductility). 
The combination of the strength and the ductility allows an average Young's modulus to be calculated. 
As demonstrated by Schubert et al. (1975), the stress-strain relation for a moist agglomerate in the 
pendular regime is not linear: 

o = o. 1 - 1 - AL 
Al. 

13/2 
(5) 

max/. 
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where a = stress 
o, = tensile strength 
AL = elongation 
ALma* = maximum elongation at failure (ductility) 

Lacking a more complete model of stress-strain relations—one that includes the capillary 
regime—it is necessary to use the approximation of linearity and a constant Young's modulus. Thus, 
experimental data must give final elongation as well as tensile strength. . 

Data and models for the tensile stress are more common for the tensile strength of agglomerates 
than for the shear strength. According to Schubert et al. (1975), there is no single relationship between 
the shear strength and the tensile strength that applies for all agglomerate materials. However, there is 
reason to believe that the shear strength and tensile strength are related by a proportionality constant and 
scale with particle size, surface tension, and porosity in the same manner. Finally, there is little reason 
to expect an agglomerate shear strength measured under constant stress conditions, such as those in most 
tensile-strength tests, to be the same as the "yield stress" used in rheological data fits. This could well 
pose a problem for numerical modeling. 

As Husband and Aksel et al. (1993) pointed out, there are three yield stresses that characterize 
a material's rheological behavior. These are the elastic-limit yield stress, the static yield stress, and the 
dynamic yield stress. The elastic-limit and static yield stresses are the minimum stresses needed to cause 
permanent but bounded elongation and unbounded deformation, respectively. Both of these quantities 
are measured with constant-stress techniques. The third quantity, the dynamic yield stress, is found from 
constant strain-rate measurements and is the quantity used in rheological models. Husband and Aksel 
(1993) give examples of cases in which suspensions had distinctly different static and dynamic yield 
stresses. These illustrate the difficulty in linking the type of yield stress measured in tensile-strength tests 
to the type relevant to rheological modeling. 

2.3.2 Application to Modeling 

As described in Section 2 . 1 , a number of mechanisms can contribute to bubble retention. 
Retention by viscous (yield stress) and capillary forces are both very likely important mechanisms of 
bubble retention. Section 2.2 presented a criterion that describes the transition between bubbles retained 
by capillary forces (dendritic) and bubbles that displace the sludge particles and are retained by viscous 
forces, which we will describe as a "Swiss cheese" structure. These two different types of retention have 
different particle and bubble interactions. It is expected that the presence of gas bubbles will affect the 
physical properties of these different sludges, particularly the shear and tensile strength, in a different 
manner. Accordingly, it is necessary to find a model or models to capture the different kinds of 
behavior. The model(s) need not be theoretically based; in fact, the theory of moist agglomerates is not 
far enough advanced to predict strength without extensive use of fitting parameters. But the model(s) 
should bear enough resemblance to the theory to allow it to be used to match the whole range of expected 
behavior. In the following sections, models are developed for both dendritic bubbles (capillary retention) 
and spherical "Swiss Cheese" bubbles (yield stress retention). 
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The need is to find a model or models to capture these kinds of behavior. The model need not 
be theoretically based; in fact, the theory of moist agglomerates is not far enough advanced to predict 
strength without extensive use of fitting parameters. But the model should bear enough resemblance to 
theory to allow it to be used to match the whole range of expected behavior. 

2.3.3 Dendritic Bubble Model 

The first model describes the "dendritic bubble" regime, which matches the type of data that were 
taken by Pietsch et al. (1969), Schubert (1975), Schubert et al. (1975), Schubert (1977), and Leavell and 
Peters (1987). In all of these experiments, there was no gas generation in the agglomerate and no reason 
to expect "Swiss cheese" structure. The curve-fit model shown in Figures 2.6 and 2.7 (for the pendular, 
capillary, and total tensile strength) fills the functional requirements for the dendritic bubble regime, as 
can be seen from the close match between the curve fit for tensile strength and the data. So long as the 
shear strength is related to the tensile strength by a proportionality constant, it too should be describable 
by this model. The equations for these models follow: 

Pendular: 

°p = 
(i - e\ ycsb ( s s \ 

°p = 
(i - e\ ycsb 

fb * s 2 s2

b + slt 

ap=0 for S z Sa 

for S < Sn 

(6) 

Capillary: 

°c = p - p ) jy (S ~ Sb)*(Sa - SfP'-W8- for Sb<S<Sa 

(7) 

Total: 

o c = 0 for S ^ Sb, S z Sa 

°t = P c (8) 

where 

e 
7 

pendular contribution to tensile strength 
capillary contribution to tensile strength 
total tensile strength 
porosity (volume fraction not occupied by solid) 
surface tension 
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Dp = particle diameter 
S = saturation (fraction of non-solid volume occupied by liquid) 
S a = saturation at which imbibition ends 
S b = saturation at which peak pendular strength occurs 
S c = saturation at which peak capillary pressure occurs 
a = fitting parameter for capillary pressure 
A = fitting parameter for maximum capillary pressure tensile strength 
C = fitting parameter for maximum pendular strength 

All of the constants (A, C, a, S a, S b, and SJ must be derived from experimental data. The 
scalings for surface tension, particle size, and porosity are all taken from the literature (Schubert et al. 
1975; Schubert 1977). 

2.3 .4 Spherical Bubble Model 

A model is also needed for the "Swiss cheese" bubbly agglomerate regime. In this regime, the 
spherical bubbles are large enough to be seen; and their effects are not related to the surface tension in 
the pores between particles. A naive approach can be taken to find a simple model to describe the effects 
of bubbles on the macroscopic strength of the agglomerate. We will first assume passive bubbles and 
then modify this expression by including the effect of bubble deformation. 

Consider a shear plane that contains bubbles. The area fraction of the bubbles on the plane is 
taken to be equal to the volume fraction of bubbles in the agglomerate, or eb. This may not be equal to 
the total volume fraction of gas if there are also some dendritic bubbles in the pores of the agglomerate. 
To find the bulk shear strengdi of the agglomerate/bubble mixture, the resistance to shear deformation 
of both the "solid" and the bubbles must be taken into account. 

For a material with a linear stress/strain relation (only an approximation for agglomerates), the 
Young's modulus Y relates the solid shear stress T, to shear elongation AL: 

T = Y— (9) 
L 

Next, we assume the bubbles are passive; and the stress in an agglomerate/bubble mixture is 
proportional to the area fraction of the agglomerate: 

%* = (i - e ^ x (io) 

This model may at least suggest a form and scaling for the stress/strain relation in the "Swiss 
cheese" regime. The ductility of the bubbly agglomerate will need to be determined experimentally. 
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To include bubble deformation, a model for a spherical bubble's resistance to shear deformation 
needs to be derived. One such model is the deformation of a spherical bubble into a prolate ellipsoid 
owing to a shear force in one direction. This is a change in the bubble shape, not a change into a larger 
or smaller sphere. We begin with the work required to deform a film: 

work = yda = F dx (11) 

where a is the film area, y 1S the surface tension, and F x is the force in a direction (taken as along the 
x axis and parallel to the increment dx). The shear stress is Fx/A, where A is the cross-sectional area 
of the bubble, which is assumed centered on the shear plane, with the change resulting from deformation 
taken as a negligible increment. Setting r b as the bubble shear stress, 

t = ^* = 1 — 
b A A dx 

(12) 

The surface area of a prolate spheroid with nearly equal semi-minor (y) and semi-major (x) axes 
is 

a ~ 4izy, 
\ 

±(X> + y*) (13) 

Taking the derivative with respect to x, 

da 4izyx 

** W * y2) 
(14) 

The assumption of near-sphericity, or y = Dt/2, leads to a final form of the derivative, which 
can be integrated to get the total stress incurred by an elongation A: • 

_ Y 1 f A 

= i J_r 
A Djo 

2nDbx 

bJ0 v ^ x 2 + D2/4) 
(15) 
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This formula can be integrated to give 

b D, IN 2(A/Dbf + I - 1A/2 (16) 

Now, assume the stress over the bubbly plane can be modeled as the sum of the area-weighted 
stresses for the bubbles and the "solid" agglomerate: 

%ix = ^pty4(AL/Lf + 1 - l) + (1 - 6,) Y(AL/L) (17) 

This model includes the effect of surface tension when the bubbles deform (first term) and the 
contribution of the agglomerate as given by Equation (10). When bubble deformation and surface tension 
are important, the stress increases with bubble content. When bubble deformation is negligible, 
increasing the bubble content decreases the stress of the sludge. Equations (10) and (17) at least suggest 
a form for correlating and scaling the stress/strain relationship in the "Swiss cheese" regime. Again, the 
ductility of the bubbly agglomerate will have to be determined experimentally. If one assumes a strain 
at failure, then these equations give the form for correlating sludge strength. 
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3.0 Method and Materials 

3.1 Bubble Growth in Simulated Sludge 

Experiments have been conducted to observe bubble growth and morphology within a stagnant 
slurry. Sand particles were used to simulate sludges in most of the experiments. Kaolin clay was used 
in one case. To create gas bubbles within the sludge, yeast, powdered sugar, and water were mixed prior 
to adding the sand in proportions similar to those reported in Hall (1993). The yeast consumed the sugar 
and generated C0 2 that collected in bubbles. 

As shown by Equation 4, the size of the opening between the particles is important. In our 
experiments, the sand particle size was about 100 pm (140/270 mesh). The particle size within the Tank 
241-SY-101 sludge varies greatly, and measurements are inaccurate due to the difficulty in attaining 
representative samples. However, it is reasonable to assume that the volume average diameter is near 
100 fan, and that the number average diameter is under 2 /an (Reynolds 1992; Herting et al. 1991; 
Allemann et al. 1993; Fort et al. 1993). Our 100 /an sand particles represent the upper range of particle 
sizes within Tank 241-SY-101 sludge. For scaling with Equation [4], we believe our 100 /an particles 
are about ten-fold larger than a representative particle from 241-SY-101. For sapd settled in water, the 
density difference in Equation [4] is about 1 g/cc, which is approximately three-fold larger than the 241-
SY-101 sludge, assuming psMge = 1.69 g/cc and p f i ? a y = 1.33 g/cc (Allemann 1990).00 The scaling 
given by Equation [4] shows that bubble morphology in our water/sand sludge at a 0.5-foot depth will 
be similar to 241-SY-101 sludge at 30 times that depth, or 15 feet into the sludge. 

Generating C0 2 bubbles with sugar and yeast was the repeatable method of mimicking realistic 
bubble growth. In other experiments, a syringe pump injected gas at specific points in a bed of 100 /an 
sand particles. It was not feasible to create gas bubbles uniformly in this manner. These bubble retention 
experiments were conducted in glass cylinders ranging from 2.5 to 16 cm in diameter. 

3.2 Shear Strength Measurements 

To help quantify the effect of bubbles on the shear strength of a sludge, shear strength 
measurements were conducted on a series of simulated sludges composed of glass beads. Both the effect 
of bead size and the fraction of gas (or equivalently liquid) were investigated. Investigations were 
conducted using spherical beads with diameters of 500, 200, and 90 microns and with essentially crushed 
glass with a median (weight basis) particle diameter of 30 and 10 microns.00 The measurements were 
conducted by placing the beads in a plastic container of essentially rectangular shape with rounded 
corners. To calculate the saturation of liquid within the pore space of the wet beads, the volume of the 
moist beadpack, added water, and glass beads was measured or calculated. The volume of beads within 

(a) Gauglitz, P. A. 1993. An Approach to Modeling Bubble Retention and Release from-Tank 
Waste. Letter Report, Pacific Northwest Laboratory, Richland, Washington. 

(b) MIN-U-SIL-30, Pennsylvania Glass Sand Corp., Berkeley Springs, West Virginia. 
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the pack was calculated from the mass of beads added to the container, assuming a density of 2.6 g/cc 
for the glass. The volume of added water was determined from the mass of added water, assuming 1.0 
g/cc for the water density. Finally, the volume of pore space was calculated from the measured volume 
of the entire moist beadpack assuming a porosity of 35%. In each experiment, the moist beads were 
packed to a depth of 7.6 cm (3 in.) in the container. 

A hand-held shear vane was used to measure the shear strength of the beads samples.(a) 

Appendix A presents the standard relation used to analyze torque measurements from shear vanes. The 
particular shear vane tester we used included a calibrated torque measurement head. All the values 
reported used the calibration provided with the instrument. 

Experiments were conducted by making three repeat shear strength measurements at each 
saturation. Liquid was added to the beads to increase the saturation in small increments, typically five 
percent increments in saturation. At each saturation, the beads and water were shaken vigorously, then 
compacted to the initial height of 7.6 cm (3 in.). This wetting and packing gave a liquid distribution 
essentially the same as if the bubbles were dendritic. 

(a) Hand Vane Tester CL-612, SOILTEST Products, ELE International, Lake Bluff, Illinois. 

3.2 



4.0 Results and Discussion 

4.1 Bubble Growth in Sludge 

4.1.1 Non-Cohesive Particles (Sand) 

Visual observation of cylinders containing the simulated sludge indicated three regions of bubble 
morphology. Figure 4.1 shows the photographs of the evolution of bubble retention, and Figure 4.2 
summarizes the regions of bubble retention. In the upper region of the settled sand, essentially spherical 
bubbles were observed. Here bubble retention appeared to be viscous (yield stress) retention. In the 
middle region, the sludge "fractured," and gas collected in very large bubbles. For all containers ranging 
from 2.5 to 16 cm in diameter, a gas bubble in this middle region spanned the vessel. This was the most 
surprising result of the experiments. Retention of these huge bubbles is also yield stress retention, 
because the sand containing gas bubbles above the large fracture has an apparent yield stress. Because 
the bubbles always spanned the cross section of the cylinders, it is not clear how large this class of 
bubbles might become. In the bottom region, dendritic bubbles occupied the space between the individual 
particles, and the bubbles were retained by capillary retention. 

4.1.2 Cohesive Particles (Kaolin Clay) 

Sludges prepared with sand and water seem brittle. In contrast, clay-based simulated sludges are 
ductile pastes. To observe bubble retention in more ductile sludge, we used kaolin clay.00 Experiments 
with clay sludges demonstrate bubble retention with very small particles. The particle size of the kaolin 
was not measured but is probably below 1 /mi. At this extreme, the sludge should behave as a plastic 
medium and conform to the scaling given by Equation (1). In this experiment, bubbles were more 
difficult to observe because the clay is opaque. When the bubbles could be seen, they were essentially 
spherical and therefore retained by viscous (yield stress) retention. 

4.1.3 Bubble Release 

For bubble release, these results for sand and clay sludges suggest that two measures of sludge 
mechanical properties will be important. Sludge strength (yield, shear, or other) is the first measure. 
This determines the ultimate size of retained bubbles and the tendency to hold down sludge made buoyant 
by retained bubbles. The second measure will characterize whether bubble retention gives sludge 
fracturing with huge bubbles or plastic deformation of the sludge with moderately sized bubbles. For 
developing correlations of sludge strength, the observations of bubble morphology confirm that at least 
two types of strength models are needed: 1) a model for dendritic bubbles in particulate sludge and 2) a 
model for round bubbles in a plastic sludge. Section 2.3 presented two appropriate models for sludge 
strength. 

(a) The physical properties of similar kaolin sludge simulants are described in a 1993 PNL internal 
letter report by M. R. Powell, G. R. Golcar, C. R. Hymas, and R. L. McKay, entitled FY 1993 1/25 
Scale Sludge Mobilization Testing. 
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Figure 4.1. Evolution of Bubble Retention in Settled Sand 
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Figure 4.1. (contd) 
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Figure 4.1. (contd) 
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4.2 Shear Strength 

The experiments discussed in Section 4.1.1 for bubble retention in beds of wet sand, which are 
rough simulants of the Tank 241-SY-101 sludge, have shown three different behaviors for this non-
cohesive agglomerate under the stresses of its own expansion. First, it trapped gas and expanded. In 
the lower region, the trapped gas was found in dendritic bubbles occupying the pores between the 
particles. In this regime, bubble pressure was insufficient to move particles and so the bubble went 
around them. The second behavior occurred near the top of the bed where bubble pressure could 
overcome the weight of the particles and move them. Here bubbles were spherical, and the agglomerate 
took on a "Swiss cheese" appearance. Finally, at some time, gas collected in a large bubble that spanned 
the breadth of the column, and the agglomerate above it fractured along a roughly horizontal plane. 

Figure 4.3 gives the results for shear strength measurements of packed beds of moist glass beads 
of different diameter and over a range of liquid saturation. These experiments were intended to mimic 
bubbles in the dendritic regime. Each datum is an average of three measurements; repeat tests are shown 
with different symbols. Appendix B lists all the data, including the averages plotted in Figure 4.3. The 
results show that the shear strength peaks at intermediate liquid saturations for all sizes of beads, and 
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Figure 4.3. Effect of Liquid Saturation and Particle Size on the Shear Strength of Glass Beadpacks 

4.6 



the shear strength increased with decreasing bead diameter. The dendritic bubble model (Equation 8) 
suggests that the shear strength should be proportional to yfDr Figure 4.4 gives the same shear strength 
data scaled by the ratio (y/D p) k, where k was chosen to give the best visual fit to the data. The data scale 
best with k =0.7, which is noticeably different from k = 1. However, the trend of increasing shear 
strength with decreasing particle size is still quite strong. For typical tank waste that has particles a few 
microns in diameter, dendritic bubbles could substantially increase the strength of the sludge. 
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5.0 Conclusions 

For bubbles retained in stagnant sludge, the mechanical properties of the sludge, such as its yield 
strength, are most important. The release of gas bubbles from sludge occurs when the sludge fails 
mechanically. Bubble morphology and the effect of bubbles on the mechanical properties of the sludge 
form the basis for understanding how the sludge will behave. Progress has been made toward 
understanding bubble morphology, bubble growth, and the effect of bubbles on the yield strength of tank 
waste. These results will improve the ability of the TEMPEST code to simulate the transition between 
fluid sludge that releases bubbles and solid sludge that retains gas bubbles. The specific conclusions of 
this work are given below. 

• Particulate beds of settled sand retain bubbles in three distinct regimes: dendritic bubbles in a 
lower region, small, round bubbles in an upper region, and huge bubbles in fractures. 

• In a kaolin clay sludge, which was more ductile and had very small particles, essentially round 
bubbles were retained by the yield strength of the sludge. 

• Correlations for the effect of gas bubbles on sludge strength show that dendritic bubbles increase 
sludge strength of particulate sludge, round bubbles decrease the sludge strength in a 
homogeneous sludge when neglecting surface tension, and round bubbles increase the sludge 
strength when the bubbles deform and surface tension is important. 

• Experimental shear strength measurements of glass beads containing essentially dendritic bubbles 
show that the bubbles increase the shear strength of simulated sludge. Results also show that 
decreasing the particle size increases the shear strength in the presence of dendritic bubbles, 
although the magnitude of the particle size effect is less than suggested by the correlations. 
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Appendix A 

Shear Vanes (Shear Strength) 

The tendency of concentrated suspensions to slip at solid surfaces makes yield stress, or shear 
strength, measurements difficult in rotational or capillary rheometers. Shear vanes, which have been used 
for years in soil mechanics, have been shown more recently to be an effective method for measuring the 
shear strength of suspensions (Nguyen and Boger 1983; Yoshimura et al. 1987) and double-shell tank 
sludge (Heath 1987).(a) 

Figure 4.1 shows a schematic of a shear vane. The total torque applied to the vanes when 
rotating is the combination of the force along the cylinder of radius, R„ and the integration over the two 
end surfaces. The torque balance is given by 

T = (TZDJV^X, * 2n[xe(r)r2dr (29) 

where r e is the shear stress distribution along the ends. The conventional approach is to assume re is 
constant and equal to the shear strength, TS, when the maximum torque is applied This has been found 
to be a reasonable approximation, and the presence of gas bubbles should not change the validity of this 
assumption. With this assumption, integration of Equation 29 gives 

T = ±Dl 
2 

JL+l 
D.. 3 

(30) 

Given the torque and the vane dimensions, the shear strength can be calculated from Equation 30. 
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Appendix B 
Shear Strength Data 

Table B.l. Shear Strength for 500-Micron Glass Beads in Air and Water 

Liq. Saturation Test 1# Tes t2# Tes t3# Mean 
% Pore Space (KPa) (KPa) (KPa) (KPa) 

0 0.50 0.50 0.50 0.50 
5 1.30 1.20 1.10 1.20 

10 1.60 ' 1.80 1.80 1.73 
15 1.80 1.70 1.70 1.73 
20 1.80 1.80 1.60 1.73 
25 1.80 1.90 2.00 1.90 
30 1.90 1.60 1.80 1.77 
35 1.90 2.10 1.90 1.97 
40 2.40 2.40 2.40 2.40 
45 2.90 2.60 2.70 2.73 
50 2.90 3.00 2.90 2.93 

100 0.50 0.60 0.80 0.63 

Table B.2. Shear Strength for 500-Micron Glass Beads in Air and Water (Repeat test) 

Liq. Saturation Test 1# Tes t2# Tes t3# Mean 
% Pore Space (KPa) (KPa) (KPa) (KPa) 

0 0.80 0.80 0.80 0.80 
10 1.70 1.80 1.50 1.67 
20 1.90 2.10 2.10 2.03 
30 1.80 2.00 2.00 1.93 
40 1.00 0.90 1.30 1.07 
50 0.80 0.70 0.90 0.80 
60 0.60 0.80 0.70 0.70 
70 0.70 0.60 0.70 0.67 
80 0.50 0.80 0.60 0.63 
90 0.50 0.40 0.40 0.43 

100 0.40 0.30 0.40 0.37 
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Table B.3. Shear Strength for 200-Micron Glass Beads in Air and Water 

Liq. Saturation Test 1# Test 2# Tes t3# Mean 
% Pore Space (KPa) (KPa) (KPa) (KPa) 

0 0.90 0.90 0.90 0.90 
5 2.00 2.40 2.50 2.30 

10 3.00 2.80 2.90 2.90 
15 2.80 3.10 3.30 3.07 
20 3.10 3.30 3.10 3.17 
25 3.00 3.20 3.00 3.07 
30 3.20 3.60 3.40 3.40 
35 3.60 3.90 3.80 3.77 
40 4.10 4.20 4.20 4.17 
45 4.20 3.90 4.10 4.07 
50 2.10 2.20 2.70 2.33 

100 0.00 0.00 0.00 0.00 

Table B.4. Shear Strength for 90-Micron Glass Beads in Air and Water 

Liq. Saturation Test 1 # Test 2# | Test 3# | Mean 
% Pore Space : (KPa) (KPa) • (KPa) | (KPa) 

0 0.90i 0.90| 1.00; 0.93 
5: 2.50 2.20I 2.60J 2.43 

10: 2.80: 3.00J 2.90' 2.90 
15 2.90 2.80! 3.101 2.93 
20. 3.00' 3.20! 3.20! 3.13 
25> 3.20; 3.10! 3.30; 3.20 
30; 4.00! 3.80i 4.10! 3.97 
35 : 4.10: 4.20! 4.20; 4.17 
40 4.00 4.20: 4.00' 4.07 
45 4.80 5.10! 4.80! 4.90 
50 4.70 4.70J 4.80J 4.73 

100 0.00 0.00: o.ooi 0.00 
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Table B.5. Shear Strength for 90-Micron Glass Beads in Air and Water (repeat test) 

Liq. Saturation Test 1# Test 2# Tes t3# Mean 
% Pore Space (KPa) (KPa) (KPa) (KPa) 

0 1.00 0.80 1.00 0.93 
10 3.10 3.10 3.40 3.20 
20 5.00 5.00 4.30 4.77 
30 4.90 5.00 4.90 4.93 
40 5.00 5.10 5.30 5.13 
50 3.50 4.00 3.80 3.77 
60 0.50 0.50 0.50 0.50 
70 0.20 0.50 0.10 0.27 
80 0.20 0.50 0.60 0.43 
90 0.20 0.10 0.00 0.10 

100 0.20 0.10 0.00 0.10 

Table B.6. Shear Strength for 30-Micron Glass Beads in Air and Water 

Liq. Saturation Test 1# Tes t2# Test3# Mean 
% Pore Space (KPa) (KPa) (KPa) (KPa) 

0 1.30 1.80 1.20 1.43 
10 8.70 9.60 10.10 9.47 
20 20.50 20.00 20.00 20.17 
30 19.80 19.00 22.80 20.53 
40 20.00 20.00 18.00 19.33 
50 22.00 18.00 17.80 19.27 
60 13.00 13.00 14.00 13.33 
70 8.10 10.10 11.00 9.73 
80 10.80 13.80 16.00 13.53 
90 10.00 5.80 6.20 7.33 

100 2.00 . 2.10 1.00 1.70 
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Table B.7. Shear Strength for 10-Micron Glass Beads in Air and Water 

Liq. Saturation Test 1# Test2# Tes t3# Mean 
% Pore Space (KPa) (KPa) (KPa) (KPa) 

0 3.20 3.40 3.10 3.23 
5 11.00 11.70 12.10 11.60 

10 19.10 19.00 20.40 19.50 
15 22.80 23.00 21.50 22.43 
20 28.10 28.00 27.50 27.87 
25 39.00 38.50 38.20 38.57 
30 31.00 29.00 30.00 30.00 
35 33.50 36.00 35.00 34.83 
40 34.50 31.00 30.00 31.83 
45 29.00 30.50 31.00 30.17 
50 26.00 25.00 28.00 26.33 

100 0.00 0.00 0.00 0.00 

Table B.8. Shear Strength for 10-Micron Glass Beads in Air and Water (repeat test) 

Liq. Saturation Test 1# Test 2# Test3# Mean 
% Pore Space (KPa) (KPa) (KPa) (KPa) 

0 0.00 0.00 0.00 0.00 
10 3.00 3.70 4.10 3.60 
20 13.80 12.00 13.80 13.20 
30 15.00 15.90 19.00 16.63 
40 16.00 19.00 16.00 17.00 
50 11.00 14.00 12.00 12.33 
60 13.00 10.00 10.00 11.00 
70 11.00 13.00 10.00 11.33 
80 
90 

100 
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